An experimental characterization of the austempered ductile iron ISO 17804/JS/1050-6/S was performed carrying out tensile tests under different strain rates, temperatures and stress triaxiality levels. Then, composing a yield function surface, a hardening relation, and a damage criterion, a constitutive model was developed to describe the salient features of the observed macroscopic response. In particular, the Mohr-Coulomb yield function was selected to account for the pressure effect observed on the yield surface. A new hardening relation was proposed in order to account for both strain rate and temperature effects. The Bonora's damage model, developed in the framework of the continuum damage mechanics, was adopted to capture the failure condition under different stress triaxiality levels. The damage model was appropriately modified to account for the effect of strain rate and temperature on the failure strain.
Introduction
Austempered ductile irons (ADIs) combine the properties of high mechanical strength, wear and fatigue resistance with good ductility and low density. These properties allow ADIs to be a suitable alternative to high-strength steels. Nevertheless, the concern about a low ductility under dynamic loads often leads designers to exclude ductile cast irons for structural applications. In some applications, the high Charpy impact resistance requested for a structural material precludes using ADIs. Although, the energy absorbed in the test can be only used in a comparative approach and does not provide an allowable value for failure analysis, arbitrary values of this parameter are imposed as mandatory limits, just mimicking standard practices valid for steels [1] .
In contrast with this perception, preliminary results from dynamic tensile tests show larger failure strain with respect to quasi-static data. This work was aimed to extend the knowledge on the ADIs performances providing reliable data on its mechanical behavior under different levels of strain rates, temperatures and stress triaxiality.
Data analysis was performed with the final purpose to arrive at the formulation of a simple and complete constitutive model for describing the strength and predicting failure of the material under the investigated loading conditions. The experimental results showed that, in addition to the interaction between graphite nodules and matrix, the mechanical behavior of the ADI 1050-6 is influenced by the single allotropic phases of the matrix. The originated complex behavior was addressed, from a phenomenological point of view, by combining the Mohr-Coulomb yield function, a new hardening relation, and a modified version of the Bonora's damage model. Once the constitutive model was defined, the material dependent coefficients have been determined by a reverse calibration procedure.
Material and Experiments
The material investigated in this work is the ADI ISO 17804/JS/1050-6/S, supplied by Zanardi Fonderie SpA. The material was cast in cylinders of 25 mm diameter and 200 mm long. The material microstructure showed a nodularity higher than 90% and equally spaced spheroids with an average spheroid diameter of 40 µm, Fig. 1 . The austempering heat treatment produces a matrix microstructure consisting of acicular ferrite, which has a body-centered cubic (BCC) crystal structure, in carbon-enriched austenite, with a face-centered cubic (FCC) structure.
Specimens were machined as smooth bars, with a length of reduced section of 14 mm, and round notched specimens, with notch radii of 1.5, 3.0, 6.0 mm, labeled as RndA, RndB, and RndC respectively. The same minimum section, with a diameter of 3.5 mm, was used for all the specimens in order to avoid any possible scale effect.
Quasi-static tensile tests were performed at the strain rate of 0.001 s −1 , at three different temperatures (213, 298, and 343 K) with an electromechanical testing machine Instron 5586. At room temperature, strain was measured using an extensometer with a reference length of 12.5 mm and with digital image correlation (DIC) technique. At the other temperatures, only load and stroke displacement were recorded.
Dynamic uniaxial tests were carried out using a direct tension split Hopkinson pressure bar (DT-SHPB) at two temperature (RT and 213 K) and two nominal strain rates (740 and 1200 s −1 ). The engineering stress-strain response was obtained by the bar signals. For the test at room temperature,
Materials Science Forum Vol. 925 197 a high speed camera was also used for the DIC technique. More details about experimental setup can be found in [3] . The comparisons of the uniaxial tensile tests at different temperatures ( Fig. 2 ), in both quasistatic and dynamic regimes, show that the work hardening rate decreases with temperature, as usual for FCC structures, whereas the apparent yield strength seems to increase slightly. On the contrary, comparisons of Fig. 3 show that strain rate affects the material yield stress and not the hardening rate, similar to what occurs for BCC structures [2] . Data variation makes the analysis on the ADI ductility more difficult. However, Fig. 4 indicates that for quasistatic test there is no temperature effect, while the ADI ductility increase with temperature and strain rate under dynamic loading. Same result was reported by Böheme and Reissing [4] also. It is worth noting that, due to the occurrence of necking, reported failure strains in the dynamic regime underestimate the actual values.
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Constitutive Modelling Development
The constitutive model proposed for describing the mechanical response of the ADI JS/1050-6 consists of a yield surface, a hardening relation, and a damage criterion. The first step was the development of a phenomenological strength model able to reproduce the stress-strain curve under different strain rates and temperatures. The following relation was proposed:
whereε * =ε/ε 0 is the dimensionless plastic strain rate forε 0 = 1.0 s −1 . The strain rate term imitates the Johnson and Cook term [5] that well describe the linear variation of the yield stress with the logarithmic of the plastic strain rate. The peculiar, opposite effect of the temperature on yield stress and hardening rate was addressed with the introduction of two temperature dependent functions for the coefficients of the Ludwik's relation (Eq. 1):
where T is the absolute temperature in K and A S , B 0 , and m are material dependent constants. The second step was the selection of the yield surface function. This need arose from the verification that von Mises criterion does not allow the transferability of the strength model to different states of the stress triaxiality. Numerical simulations of tensile tests using the von Mises criterion overestimate the load-displacement curves, more and more with the triaxiality increase, indicating a pressure dependency of the ADI yield surface. An easy and effective way to account for this behavior is to use the Mohr-Coulomb criterion:
Even if the mechanism behind the criterion formulation, of frictional sliding between material particles, is not pertinent to the ADI deformation process, the Mohr-Coulomb criterion has the twofold For nodular cast irons, the pressure dependence is caused by the different morphology of the matrix debonding from the graphite nodule under different stress triaxiality levels [6] . FE-based micromechanical analyses proved to be very effective in giving the resulting macroscopic properties from known characteristics at the microscale [7] . Thus, the unit cell model, developed in [3] for the same ADI, was used to simulate an uniaxial compression test in order to extend data available for the inverse calibration procedure (coefficient λ). The coefficients of the strength model and the yield surface, calibrated on results from tensile tests, are given in Table 1 .
Last step was the damage model definition. In DCIs, damage consists of two main mechanisms: the debonding between matrix and spheroids; the nucleation and growth of micro-pores within the matrix. The first leads to the development of a considerable porosity that affects the material strength. This effect has been already taken into account adopting the Morh-Coulomb yield criterion. The second mechanism, due to the limited associated porosity, does not affect the macroscopic strength significantly; however, it does trigger the failure. Damage by nucleation and growth may be effectively addressed with the continuum damage mechanics (CDM) approach [8] . Here, the Bonora's damage model [9, 10] was adopted for which damage develops as a function of the total accumulated "active" plastic strain, i.e. the plastic strain accumulated under a positive (tensile) state of stress, according to the following evolution relation:
where, ε th is the threshold strain at which damage processes are activated, ε f the theoretical failure strain under uniaxial stress at which ductile failure would occur, D cr the critical damage at which failure occurs, and α the damage exponent that controls the shape of damage evolution with plastic strain. The evolution relation account for stress triaxiality level according with following relation:
To account for strain rate and temperature effects on the ADI ductility, the following relation for the theoretical uniaxial failure strain was introduced:
where, T m is the melting temperature. In Fig. 5(a) , the failure strains as a function of the stress triaxiality are shown, for two temperatures, together with the failure loci expected for the calibrated model coefficients given in Table 2 . Due to the porosity generated by the matrix debonding, the Bridgman's solution to measure the failure strain from post mortem fracture surface diameter is no longer accurate. Indeed, failure strain for each test
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Science and Processing of Cast Iron XI was determined as the value calculated by FEM for the displacement at which fracture is observed in the experiments. The associated stress triaxiality was calculated as the mean value over the strain path, between ε th and ε f , for the point where failure is expected to occur first. In Fig. 5 (b) , the variation of ε f with strain rate as expected by the proposed model (Eq. 7) is compared with experimental results. In Fig. 6 the comparisons between experimental and calculated stress-strain curves are given for both quasistatic and dynamic conditions. These demonstrate the capability of the proposed constitutive model in reproducing the ADI behavior under different conditions of strain rate and temperature in terms of both flow stress response and failure strain. 
Concluding Remarks
The results of the experimental tests performed on the ADI ISO 17804/JS/1050-6/S can be summarized, from a macroscopic point of view, as follows:
• an increase of the temperature entails a decrease of the hardening rate and a slightly increase of the yield stress;
• at high strain rate, temperature increases ductility while no effect is observed under quasistatic conditions;
• an increase of the strain rate entails an increase of both the yield strength and the failure strain;
• the pressure affects the yield surface.
The observed features were taken into account in the formulation of a constitutive model aimed to be a simple and functional design tool. The pressure effect on the yield surface was accounted for by adopting the Mohr-Coulomb yield function. Strain rate and temperature effects on the material strength required the formulation of a new hardening relation. Finally, the Bonora's damage model was selected to predict failure under different stress triaxiality levels. A strain rate and temperature dependence of one of the damage model coefficients (ε f ) was introduced to account for the observed increase of ductility.
Simulations of the tensile tests demonstrated the capability of the model in reproducing the experimental results with good accuracy.
